1. Introduction
===============

Current chemotherapeutic antiviral drugs have been characterised as having in many cases limited clinical efficacy, suboptimal pharmacokinetics and toxic side effects ([@BIB29]). In response to this, a number of recent studies have investigated the potential benefits of using naturally occurring compounds as therapeutic antiviral agents against herpes simplex virus type 1 (HSV-1) ([@BIB20], [@BIB13], [@BIB37], [@BIB6], [@BIB47]). Previous studies demonstrated the presence of antiviral agents in milk ([@BIB23], [@BIB28]). One such agent, lactoferrin, was shown later to inhibit the human immunodeficiency virus (HIV-1), HSV-1 and -2, human cytomegalovirus, respiratory syncytial virus, poliovirus and rotavirus in vitro ([@BIB11], [@BIB20], [@BIB21], [@BIB22], [@BIB39], [@BIB40], [@BIB45], [@BIB46]), highlighting the importance of naturally occurring proteins as antiviral agents.

Reports of HIV-1 inhibition in vitro by polyanionic substances such as heparin and sulphated polysaccharides ([@BIB44], [@BIB3], [@BIB19]) encouraged several groups to investigate the antiviral activity of chemically modified proteins. The introduction of negative charges into human serum albumin by chemical modification with polysaccharides, formaldehyde and aliphatic anhydrides yielded compounds with antiviral activity against HIV-1 ([@BIB14], [@BIB15], [@BIB42], [@BIB17], [@BIB18], [@BIB40], [@BIB41]). However, in a systematic study, [@BIB24] demonstrated aromatic anhydrides to be more effective in the conversion of natural proteins into negatively charged antiviral agents against HIV-1. The cellular CD4-receptor of lymphocytes, macrophages and monocytes was found to be the primary target for this inhibition. β-Lactoglobulin modified with 3-hydroxyphthalic anhydride (3-HP) in higher concentrations, also binds to the HIV gp120 binding site on CD4 ([@BIB25]). Additionally, 3-HP-β-lactoglobulin is active against HSV-1 and -2 ([@BIB27]) and *Chlamydia trachomatis* ([@BIB16]).

We have previously shown that antimicrobial peptides could be generated by digestion of aprotinin ([@BIB31], [@BIB32]), lysozyme ([@BIB33]), α-lactalbumin ([@BIB34]) and β-lactoglobulin ([@BIB35]) and that proteolytic digestion of aprotinin yielded a hexapeptide with antiviral activity against HSV-1 and bovine parainfluenza virus 3 (PIV-3) ([@BIB31]). The present study was aimed at investigating the antiviral activity of 3-HP-α-lactalbumin, 3-HP-β-lactoglobulin, 3-HP-albumin, 3-HP-lysozyme and the fragments resulting from the proteolytic digestion of the native proteins before and after chemical modification with 3-hydroxyphthalic anhydride.

2. Materials and methods {#SEC2}
========================

2.1. Reagents
-------------

The following proteins were used for chemical modification: bovine serum albumin (BSA, Fluka), lysozyme from chicken egg white (Fluka), α-lactalbumin (Sigma Chemical Co., St. Louis, MO) and β-lactoglobulin (Sigma). 3-Hydroxyphthalic anhydride used as the chemical reagent for the modification of the proteins was obtained from Aldrich. Nucleosil 120-10C18 for reversed phase chromatography was from Machery-Nagel. Dialysation membranes Spectra/Por^®^ MWCO: 6000--8000 and 500 were from Spectrum Laboratories Inc. and sterile filters Millex^®^-GP 0.22 μm from Millipore.

2.2. Cells and viruses
----------------------

The herpes simplex virus type 1 (HSV-1) was a gift from Dr. Wunderli, Institute for Medical Virology, University of Zürich. The bovine parainfluenza virus type 3 (PIV-3) and the porcine respiratory corona virus (PRCV) were available at the Institute of Virology. All three viruses were titrated by inoculation of cells with 10-fold dilutions using the endpoint dilution method of [@BIB36]. Vero76 cells, used to measure the antiviral activity against HSV-1, Madin--Darby bovine kidney cells (MDBK) and Swine Testicular (ST) cells, used to measure the inhibitory effect of the chemically modified proteins against PIV-3 and PRCV, respectively, were originally purchased from ATCC. Vero76 cells and MDBK cells were grown in Eagle's minimal essential medium (MEM) with [l]{.smallcaps}-glutamine (GibcoBRL) supplemented with 10% foetal calf serum (FCS, GibcoBRL), 100 U/ml penicillin and 100 μg/ml streptomycin (GibcoBRL). ST cells were cultured in the same medium containing 1% non-essential amino acids (NEA, GibcoBRL) and 1 mM sodiumpyruvate (GibcoBRL). For cell-maintenance the foetal calf serum concentration was lowered to 2% for ST cells and to 0% for Vero76 cells and MDBK cells, respectively.

2.3. Protein purification
-------------------------

The proteins were dissolved in 0.05% trifluoroacetic acid (v/v) and purified by reversed phase chromatography on a Nucleosil 120-10C column using a linear gradient of acetonitrile (12 ml) from 0 to 70% (v/v) in 0.05% trifluoroacetic acid.

2.4. Chemical modification of the proteins
------------------------------------------

The proteins were modified with 3-hydroxyphthalic anhydride according to a procedure described by [@BIB26]. Briefly, 160 mg of the purified proteins were dissolved in 5 ml of 0.1 M Na-phosphate pH 8.5. 3-Hydroxyphthalic anhydride solution was added in eight aliquots of 200 μl (125 mg/ml 3-HP dissolved in dimethylsulfoxyde) at 12 min intervals. The pH of the solution was maintained at 8.5. After 1 h incubation at 25 °C, the mixture was dialysed twice against 500 ml PBS pH 7.4. Protein concentrations were determined photometrically as described by [@BIB10].

2.5. Proteolytical digestion of proteins with trypsin and separation of the tryptic fragments
---------------------------------------------------------------------------------------------

Fifty milligrams of the protein and 5 mg of trypsin were dissolved in 3.5 ml of 0.2 M TRA (Triethanolamine-HCl) buffer containing 20 mM CaCl~2~ of pH 7.8. The mixture was stirred for 6 h at 37 °C. The solution was then acidified adding 500 μl of 10% trifluoroacetic acid (v/v) and centrifuged at 50,000×*g* for 10 min. The supernatant of the previous step was loaded in 40 runs onto a Nucleosil 120-10C18 column which was previously equilibrated with 0.1% trifluoroacetic acid in 10% acetonitrile. One hundred microliter were loaded for every run. The column was eluted at a flow rate of 0.8 ml/min and fractions of 200 μl were collected. After collecting 10 fractions, a linear gradient from 10 to 70% acetonitrile was applied. Fractions were pooled according to the elution diagram. Each pool was divided in two samples and freeze-dried. One of the two samples was then dissolved in PBS and assayed for antiviral activity. The other sample was treated with 3-HP as described below.

2.6. Proteolytical digestion of proteins with chymotrypsin and separation of the chymotryptic fragments
-------------------------------------------------------------------------------------------------------

Chymotryptic digestion of the proteins and the separation of the chymotryptic fragments were performed in the same experimental conditions as reported above for the tryptic digestion of the proteins. Fractions from reversed phase chromatography were pooled according to the elution diagram and treated as described above.

2.7. Proteolytical digestion of proteins with pepsin and separation of the peptic fragments
-------------------------------------------------------------------------------------------

Fifty milligrams of the protein and 5 mg of pepsin were dissolved in 3.5 ml 0.1 M citrate buffer of pH 2.0. The mixture was gently stirred for 6 h at 37 °C. The enzymatic reaction was stopped by heating the sample at 80 °C for 30 min. The sample was then centrifuged at 50,000×*g* for 10 min. Separation of the peptic fragments was performed by reversed phase chromatography on a Nucleosil 120-10C18 column as described above. Fractions from reversed phase chromatography were pooled according to the elution diagram and treated as described in the section about the tryptic digestion of proteins.

2.8. Chemical modification of the fragments derived from the proteolytical digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme by 3-HP
----------------------------------------------------------------------------------------------------------------------------------------------------

Single pool samples derived from the proteolytical digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme by trypsin, chymotrypsin and pepsin were freeze-dried, and then dissolved in 2 ml 0.1 M Na-phosphate buffer of pH 8.5. Thirty-five microliter of 3-HP solution (125 mg/ml in DMSO) were added 8 times with a time interval of 12 min at room temperature. The solution was further incubated 1 h at room temperature. The pH of solution was maintained at pH 8.5 during the reaction. The samples were then dialysed with Spectra/Por^®^ MWCO 500 against 1 l of PBS for 24 h and finally filtered by a 0.22 μm membrane. The samples were assayed for antiviral activity as described above.

2.9. Antiviral assays
---------------------

### 2.9.1. Neutral red uptake assay

Neutral red uptake assay was performed following a similar procedure as described by [@BIB5]. Briefly, 48 h after infection the maintenance medium was removed and the cells were incubated for 3 h with MEM containing 50 μg/ml neutral red (Fluka) (200 μl/well). The cells were then washed and fixed with 200 μl of 4% formaldehyde and 1% CaCl~2~. The neutral red was extracted by 200 μl 1% acetic acid in 50% ethanol and the absorbance was measured at 550 nm in a MR710 Dynatech Microplate^®^-Reader. The percent protection achieved by the compounds in the infected cells was calculated as described by [@BIB30]. Each sample was tested in triplicate.

### 2.9.2. Cytopathic effect inhibition assay: preincubation of cell monolayer with the test compound before virus infection

Test compounds were dissolved in MEM and incubated with confluent cell monolayers in 96-well tissue culture plates (Nunc) in increasing concentrations from 0.2 μg/ml to 2 mg/ml for 24 h at 37 °C and 5% CO~2~. After removal of the test compound, the cells were washed with phosphate-buffered saline (PBS) and then infected with 10^3^ TCID~50~/well of HSV-1 corresponding to a multiplicity of infection (MOI) of 0.1 or 10^4^ TCID~50~/well of PIV-3 and PRCV corresponding to a MOI of 1.0, respectively. After 1 h incubation the unadsorbed virus was removed, the cell monolayer was washed with PBS and further incubated in MEM until a cytophatic effect was visible (about 48 h). Uninfected cells were incubated with the test substances alone to evaluate their cytotoxicity. The inhibition of the cytopathic effect was assessed by light microscopy and measured by the neutral red uptake assay. Controls consisted of infected untreated Vero cell monolayers.

### 2.9.3. Cytopathic effect inhibition assay: incubation of cell monolayer with test compound and virus

The assay was performed following the protocol described above, with the exception that the test compound was added together with the virus. After an incubation time of 1 h at 37 °C and 5% CO~2~, the solutions containing both compound and viruses were removed, the cell monolayer was washed with PBS and further incubated in MEM for 48 h.

### 2.9.4. Cytopathic effect inhibition assay: incubation of cell monolayer with the test compound after virus infection

The assay was carried out as reported above with the following difference: first, the cell monolayer was infected with the virus. After 1 h incubation the unadsorbed virus was removed, the cell monolayers were washed with PBS and then incubated with the test compound in MEM for 48 h.

### 2.9.5. Virus yield inhibition assay

Quantification of HSV-1 inhibition was performed by a virus yield inhibition assay according to the procedure reported by [@BIB9] and [@BIB1]. Confluent cell monolayers in 96-well plates were treated with the compounds before, during and after virus infection as described above. After 24 h incubation at 37 °C, 5% CO~2~, the plates were frozen and thawed three times. Confluent cell monolayers, grown in 24-well plates (Nunc), were inoculated with 10-fold dilutions of the supernatants for 1 h at 37 °C and 5% CO~2~. After removal of the inoculum, monolayers were washed once with PBS and overlaid with MEM supplemented with 0.8% carboxy methyl cellulose (Fluka), 2% FCS, 100 U/ml penicillin and 100 μg/ml streptomycin and incubated at 37 °C and 5% CO~2~ for 3 days. Methylcellulose medium was then removed, monolayers were fixed with methanol, stained with 0.5% crystal violet and the plaque number was counted. Results were expressed as percentage of plaque inhibition by comparison with untreated control cell monolayers. EC~50~ and EC~90~, the concentrations needed to achieve 50 and 90% of plaque reduction compared to untreated infected cell monolayers, were determined directly from the curves obtained by plotting the inhibition of the virus yield against the concentration of the samples. Data presented are results of repeated experiments performed in triplicate.

2.10. Cytotoxicity
------------------

Confluent Vero76 cell monolayers grown in 96-well cell culture plates were incubated with two-fold serial dilutions of the test compounds---starting with a concentration of 30 μg/ml to 8 mg/ml---for 48 h at 37 °C and 5% CO~2~. At this time the cell viability was evaluated by neutral red uptake assay and light microscopy. The percent cell survival was calculated as the ratio of treated uninfected cells/untreated uninfected cells and expressed as a percentage. These values were plotted against the concentrations of the test compound. The concentration needed to cause 50% cytotoxicity (CC~50~) was determined graphically ([@BIB2]). Each sample was tested in triplicate.

3. Results
==========

3.1. Antiviral activity
-----------------------

### 3.1.1. Cytopathic effect inhibition assay

The inhibition of the cytopathic effect by the native and chemically modified proteins was evaluated before, during or after virus infection. Albumin, α-lactalbumin, β-lactoglobulin and lysozyme did not show any antiviral activity either against HSV-1 or against PIV-3 and PRCV, respectively. In contrast, the modified proteins, i.e. 3-HP-albumin, 3-HP-α-lactalbumin, 3-HP-β-lactoglobulin and 3-HP-lysozyme, showed antiviral activity against HSV-1, but not against PIV-3 and PRCV. 3-HP-β-lactoglobulin ([Fig. 1](#FIG1){ref-type="fig"} ), 3-HP-albumin and 3-HP-lysozyme (not shown) inhibited the cytopathic effect of HSV-1 in all three experiments, i.e. when present before ([Fig. 1A](#FIG1){ref-type="fig"}), during ([Fig. 1B](#FIG1){ref-type="fig"}), or after the infection ([Fig. 1C](#FIG1){ref-type="fig"}). 3-HP-α-lactalbumin showed only a minimal inhibition when incubated with the monolayer before infection, whereas the inhibition was evident when the compound was present during or after infection (data not shown).Fig. 1Effect of increasing concentrations of 3-HP-β-lactoglobulin on the viability of HSV-1 infected (■) and uninfected (□) Vero76 cells in the neutral red uptake assay. The multiplicity of infection was 0.1. 3-HP-β-lactoglobulin was present in the assay before (A), during (B) or after (C) HSV-1 infection. The inhibition of the cytopathic effect is characterised by high OD~550~ values detected in the infected Vero cells treated with 3-HP-β-lactoglobulin. The data are reported on the horizontal axis in log~10~ units. The data represent mean values±S.E. for at least three separate experiments.

### 3.1.2. Antiviral activity of the modified proteins as measured by reduction in virus yield

The antiviral activity of the modified proteins against HSV-1 was quantified by determining the virus yield 24 h post infection in treated and untreated Vero76 cells. Test compounds were present before, during or after the infection step. All modified proteins afforded potent inhibition of HSV-1 replication ([Fig. 2](#FIG2){ref-type="fig"} , [Table 1](#TBL1){ref-type="table"} ).Fig. 2Dose--response of the inhibitory effect on the virus yield of 3-HP-α-lactalbumin (□), 3-HP-β-lactoglobulin (■), 3-HP-albumin (○) and 3-HP-lysozyme (•). The multiplicity of infection was 0.1. The inhibition of the virus yield was calculated as percentage of plaque reduction comparing treated with untreated infected cells. Chemically modified proteins were present in the assay before (A), during (B) or after (C) virus infection. The data reported on the horizontal axis are expressed in log~10~ units. The results represent mean values±S.E. for at least three separate experiments.Table 1Antiviral activity of 3-HP-modified proteins against HSV-1, as monitored by the cytopathic effect assay3-HP proteinsCC~50~[a](#TBLFN1){ref-type="table-fn"} (mg/ml)EC~50~[b](#TBLFN2){ref-type="table-fn"} (μg/ml)EC~90~[c](#TBLFN3){ref-type="table-fn"} (μg/ml)SIABCABCABC3-HP-α-lactalbumin\>8nd65160nd1000670nd\>123\>503-HP-β-lactoglobulin\>84653030180080120\>17\>267\>2673-HP-albumin\>8100181483010075\>80\>444\>5703-HP-lysozyme5170146590655029357833[^1][^2][^3][^4]

#### 3.1.2.1. Presence of the modified proteins before HSV-1 infection

In attempts to find out whether pre-treatment of the cells with the modified proteins resulted in an inhibition of virus yield, cultures were incubated for 24 h with the test compounds which were then removed before infection. Pre-incubation of cells with 3-HP-albumin and 3-HP-lysozyme inhibited almost completely the virus yield at a concentration of 1 mg/ml ([Fig. 2A](#FIG2){ref-type="fig"}). 3-HP-β-lactoglobulin reduced the virus yield almost completely at a concentration of 2 mg/ml. 3-HP-α-lactalbumin inhibited the HSV-1 yield by 50% only when assayed at this concentration.

The EC~50~ value for 3-HP-α-lactalbumin was not determined because it did not yield a complete inhibition of the virus multiplication, when assayed at a concentration of 2 mg/ml. The EC~50~ values determined for the 3-HP-proteins ranged between 100 μg/ml for 3-HP-albumin and 465 μg/ml for 3-HP-β-lactoglobulin, whereas EC~90~ values ranged between 590 μg/ml for 3-HP-lysozyme and 1800 μg/ml for 3-HP-β-lactoglobulin ([Table 1](#TBL1){ref-type="table"}).

#### 3.1.2.2. Presence of the modified proteins during the infection

All compounds proved to be potent inhibitors of HSV-1 multiplication. The titration curves of the antiviral activity of the compounds investigated ([Fig. 2B](#FIG2){ref-type="fig"}) showed a similar slope. 3-HP-α-lactalbumin was less effective at low concentrations compared to the other 3-HP-proteins; however, when assayed at a concentration of 2 mg/ml, all 3-HP-proteins inhibited completely the activity of HSV-1. 3-HP-albumin, 3-HP-β-lactoglobulin, and 3-HP-lysozyme caused a distinct reduction of the virus yield already at a concentration of 20 μg/ml. 3-HP-lysozyme, although toxic to the Vero cells, was the most potent inhibitor with an EC~50~ value of 14 μg/ml, whereas 3-HP-α-lactalbumin was the weakest inhibitor with an EC~50~ of 65 μg/ml. The EC~90~ values ranged between 65 μg/ml for 3-HP-lysozyme and 1000 μg/ml for 3-HP-α-lactalbumin ([Table 1](#TBL1){ref-type="table"}).

#### 3.1.2.3. Presence of the modified proteins after viral infection

In order to evaluate the antiviral activity after viral adsorption, 3-HP-proteins were incubated with the infected cell monolayer 1 h post infection for 24 h. Results are reported in [Table 1](#TBL1){ref-type="table"} and shown in [Fig. 2C](#FIG2){ref-type="fig"}. All the 3-HP-proteins strongly inhibited viral multiplication when assayed at a concentration of 2 mg/ml. 3-HP-albumin, 3-HP-β-lactoglobulin and 3-HP-lysozyme inhibited the virus production already at concentrations of 20 μg/ml. 3-HP-lysozyme was the most potent inhibitor with an EC~50~ value of 6 μg/ml, whereas 3-HP-α-lactalbumin was the weakest inhibitor with an EC~50~ value of 160 μg/ml. The EC~90~ values ranged between 50 μg/ml for 3-HP-lysozyme and 670 μg/ml for 3-HP-α-lactalbumin ([Table 1](#TBL1){ref-type="table"}).

3.2. Cytotoxicity
-----------------

Of all the 3-HP-proteins investigated for antiviral activity only 3-HP-lysozyme showed a cytotoxic effect on Vero76 cells after 48 h incubation. The CC~50~ value of 3-HP-lysozyme determined by neutral red uptake assay was 5 mg/ml, whereas the other compounds did not cause any cytotoxic effects at a concentration up to 8 mg/ml ([Table 1](#TBL1){ref-type="table"}). The selectivity index values ranged between 50 for 3-HP-α-lactalbumin and 833 for lysozyme.

3.3. Antiviral activity of the peptide fragments derived from the proteolytic digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme
-----------------------------------------------------------------------------------------------------------------------------------------------

Antiviral activity determinations of the pools derived from the proteolytic digestion of the proteins albumin, α-lactalbumin, β-lactoglobulin and lysozyme tested by neutral red uptake assay, were performed against HSV-1 only.

### 3.3.1. Antiviral activity of the tryptic fragments

Proteolytic digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme by trypsin resulted in a mixture of several fragments that could be partially separated by reversed phase chromatography. The elution diagrams of the reversed phase chromatography of the digested proteins with the pooled fractions are shown in [Fig. 3](#FIG3){ref-type="fig"} . The antiviral tests were performed assaying the pools before, during or after viral infection of the cell monolayers.Fig. 3Reversed phase chromatography on a Nucleosil 120-10C18 column of the peptide fragments derived from the tryptic digestion of: albumin (A); α-lactalbumin (B); β-lactoglobulin (C); lysozyme (D).

Pre-incubation of the pools, derived from the tryptic digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme, with Vero cells before virus infection did not afford an inhibition of the cytopathic effect. When the pools were simultaneously incubated with the virus, an inhibition of the cytopathic effect was observed only with pool VI derived from albumin (70% cell protection) and pool IX from α-lactalbumin (90% cell protection). However, these pools were highly cytotoxic because only 10% of Vero cells survived upon a 48-h incubation. Antiviral activity could be observed for almost all the pools when they were incubated after virus infection. Only pools I and V derived from the tryptic digestion of albumin did not show any antiviral activity, whereas pools II--IV and VI weakly inhibited HSV-1 multiplication. Pool VI which had the property to inhibit the cytopathic effect of HSV-1, when assayed in presence of virus and after viral infection, was strongly cytotoxic.

Pools II, III and VIII resulting from the digestion of α-lactalbumin by trypsin were moderately active against HSV-1 and cytotoxic for Vero cells. All the other pools were ineffective in inhibiting the cytopathic effect of HSV-1.

Antiviral activity from the β-lactoglobulin fragments could be detected only in pools II and III, and were linked to high grade of toxicity for Vero cells.

Pools I--IV derived from the digestion of lysozyme with trypsin were not active against HSV-1.

### 3.3.2. Antiviral activity of the chymotryptic fragments

Albumin, α-lactalbumin, β-lactoglobulin and lysozyme digested by chymotrypsin were fractionated by reversed phase chromatography on a Nucleosil 120-10C18 (not shown). Antiviral activity against HSV-1 could be revealed only when the pools were added after virus infection of the cell monolayer. The pools assayed either before or during virus infection did not show any antiherpetic activity.

Antiviral activity of fragments derived from the albumin digestion by chymotrypsin could be observed in two pools; however, they were toxic for Vero cells. Almost all pools obtained from the chymotryptic digestion of α-lactalbumin inhibited the viral replication only partially and showed moderate cytotoxic effect on Vero cells. Similar results were obtained from the chymotryptic fragments of β-lactoglobulin. Three of the seven pools derived from the chymotryptic digestion of lysozyme showed antiherpetic activity linked with a moderate cytotoxicity for Vero cells. The other pools did not show any antiviral activity.

### 3.3.3. Antiviral activity of the peptic fragments

Peptic digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme resulted in several peptide fragments which could be resolved by reversed phase chromatography (not shown). All pools showed antiviral activity only when added after viral infection of the Vero cells monolayer. They failed to inhibit the cytopathic effect when present in the assay before or during virus infection. Only two of the four pools obtained from the peptic digestion of albumin inhibited weakly the viral replication when added after viral infection; however, they showed at the same time a moderate cytotoxic effect on Vero cells.

Inhibitory activity of the fragments generated by peptic digestion of α-lactalbumin against HSV-1 was present in almost all the pools. Only one of them lacked antiviral activity. The active pools were slightly cytotoxic towards Vero cells.

All the pools obtained from the peptic digestion of β-lactoglobulin showed HSV-1 inhibition. However, they all were cytotoxic for the Vero cells.

Only one pool obtained by digestion of lysozyme by pepsin presented a weak antiherpetic activity, combined, however, with cytotoxicity.

3.4. Antiviral activity of the peptide fragments derived from the proteolytic digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme after chemical modification by 3-HP
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The compounds present in the pools derived from the proteolytic digestion of the proteins were chemically modified by 3-hydroxyphthalic anhydride as described in [Section 2](#SEC2){ref-type="sec"}. The antiviral activity of the chemically modified pools was investigated against HSV-1 only.

No chemically modified pools derived from the digestion of albumin, α-lactalbumin, β-lactoglobulin and lysozyme with trypsin, chymotrypsin or pepsin showed any antiviral activity when incubated with the cell monolayer before virus infection.

Almost all the pools were ineffective or only weakly active when present during virus infection. In the case of 3-HP-modified pools derived from tryptic digestion cell protection ranged from 15 to 40%. Among the 3-HP-pools derived from chymotryptic digestion a weak antiherpetic activity was only detected in two pools derived from α-lactalbumin. All 3-HP-pools derived from peptic digestion were devoid of any antiherpetic effect (data not shown).

Most of the pools showed an antiherpetic effect when assayed after virus infection. In the case of 3-HP-pools derived from tryptic digestion cell protection ranged from 10 to 50% (pool IV and pool IX from α-lactalbumin, respectively). However, all the pools with some inhibitory effect toward HSV-1 were also toxic for the Vero cells.

All 3-HP-pools derived from chymotryptic digestion of lysozyme inhibited the cytophatic effect of HSV-1. In contrast, the 3-HP-pools derived from chymotrypsin digestion of the other proteins were either inactive or only weakly active against HSV-1. The cell protection ranged from 10 to 60%. However, all pools were toxic for Vero cells (data not shown).

The 3-HP-pools derived from peptic digestion of albumin and lysozyme showed only weak or no antiviral activity at all. Cell protection by pools from α-lactalbumin and β-lactoglobulin ranged from 10 to 30% (data not shown).

4. Discussion
=============

The present study shows that 3-HP-modified proteins strongly inhibited the multiplication of HSV-1, and thus confirms that the introduction of hydrophobic and negatively charged residues in the polypeptide chain is a useful procedure to confer antiviral activity to a protein.

However, the fact that 3-HP-modified proteins failed to inhibit PIV-3 and PRCV, both enveloped viruses like HSV-1, indicates that unspecific damage of the virus envelope, caused by hydrophobic and electronegative interaction between the 3-HP-proteins and envelope proteins, is unlikely. The native proteins and the chemical compound 3-HP alone did not show any antiviral activity against the virus investigated, indicating that the inhibition of the cytopathic effect of HSV-1 was a peculiar property of the modified proteins.

3-HP-proteins were able not only to inhibit the initiation and the spread of infection but they also had a protective effect on the cells rendering them resistant to virus infection. However, when the cells were preincubated with the 3-HP-proteins, a clear reduction of the viral multiplication could only be detected with higher concentrations than when assayed during or after virus infection. The most effective 3-HP-protein to prevent viral infection of the cell was 3-HP-albumin, whereas the least effective was 3-HP-α-lactalbumin. For the latter protein, while it did not inhibit completely HSV-1 at the maximal concentration used in the assay, the EC~50~ and EC~90~ values were not determined.

All the 3-HP-proteins inhibited efficiently the infection of Vero cells when present during infection with HSV-1, that is at the stages of adsorption and the penetration of the virion particles into the cells. Several viral glycoproteins such as gB, gC, gD and the corresponding receptors present in the cell membrane are responsible for adsorption and penetration ([@BIB49], [@BIB12], [@BIB38], [@BIB43], [@BIB20], [@BIB7]). This might imply that the antiviral activity of the 3-HP-proteins, when present during infection, is based on an interaction of the compounds with such viral glycoproteins. This is supported by the fact that the binding of anti-gC monoclonal antibodies to HSV-1 is inhibited by 3-HP-β-lactoglobulin ( [@BIB27]).

Virus replication was, in addition, efficiently inhibited after infection of the cells. This might, on one hand, be due to the cell damage caused by viral multiplication that allows the compound to penetrate into the cell. Such a mechanism has been postulated for cystatin C, ([@BIB4]). On the other hand, the binding of the modified proteins to the viral envelope glycoproteins could be taken as a basis to explain an inhibition at the intercellular or extracellular level. In fact 3-HP-β-lactoglobulin binds to the glycoprotein E ([@BIB27]), which mediates, together with gI, the direct cell-to-cell transmission of HSV-1 ([@BIB8], [@BIB48]). The blockage of gE would inhibit the viral spread on the intercellular level. The binding of the modified proteins to glycoproteins gB, gC and/or gD of the virions, which are released from cells after a first replication cycle, could give an explanation for an extracellular inhibition.

Negative charge and hydrophobic interaction between antiviral compounds and virus envelope proteins have been suggested as a possible active principle for antiviral activity ([@BIB24]). Chemical targets of the 3-HP are the positively charged lysine residues of the polypeptide chain, which, after chemical reaction with 3-HP, becomes negatively charged. 3-HP-albumin, with its 59 negatively charged 3-HP-lysine residues, was the protein with the highest antiviral activity. 3-HP-α-lactalbumin possessing 12 modified lysine residues was five times less active than 3-HP-β-lactoglobulin, which has 15 lysine residues, when assayed after viral infection of Vero cells. Lysozyme having half of the lysine residues of 3-HP-α-lactalbumin had a higher antiviral activity in comparison to 3-HP-α-lactalbumin, nevertheless, it was strongly toxic for the Vero cells.

As a first screening for antiviral compounds, we examined the peptide fragments obtained from the proteolytic digestion of the proteins. Although the single peptides were not isolated, our results show that peptide sequences with antiviral activity are present in the proteins investigated. Many of the pools tested were able to limit the virus spread after infection of Vero cells by HSV-1. However, most of the pools were toxic to different extents for Vero cells when incubated for 48 h.

The importance of the presence of 3-HP-lysine in the peptide sequence for antiherpetic activity, as reported by [@BIB27], has been confirmed extensively in the present study. We, therefore, wanted to know whether the chemical modification of the lysine residues by 3-HP would lead to an increase in the antiviral activity of peptide fragments generated by proteolytic digestion. 3-HP-proteins and 3-HP-peptides are instable and precipitate at an acidic pH. This makes their purification by reversed phase chromatography impossible, since this procedure is performed at an acidic pH. Thus, we decided to not directly digest the 3-HP-proteins, but to chemically modify peptide fragments present in the pools. Most of the 3-HP modified pools showed antiherpetic activity when present after the infection of the Vero cells and several of them were able to block the multiplication of the virus. However, all the 3-HP-pools examined were toxic for Vero cells to different extent. Since at the present stage of our research the single peptides of the pools with antiherpetic activity have not been isolated, it is not possible to say with certainty whether antiviral activity and toxic effects are due to the same molecule or to two separate entities.

In conclusion, our results confirm that the modification of the lysine residues by 3-HP is a useful technology to develop compounds with antiherpetic activity, and they show, moreover, that peptides with antiherpetic activity can be generated through proteolytic digestion of proteins. Short peptides with antiviral activity are of particular interest because synthetic peptides have a low production cost and a reduced antigenicity, which consequently limits possible hypersensitivity.
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[^1]: SI: selectivity index (SI=CC~50~/EC~50~). A: 3-HP compounds were present before HSV-1 infection of the cell monolayer; B: 3-HP compounds were present during HSV-1 infection of the cell monolayer; C: 3-HP compounds were present after HSV-1 infection of the cell monolayer; nd: not determined.

[^2]: CC~50~: concentration of the compound which reduces cell viability by 50%.

[^3]: EC~50~: concentration of the compound which reduces the yield of HSV-1 by 50%.

[^4]: EC~90~: concentration of the compound which reduces the yield of HSV-1 by 90%.
